Abstract-The objective of this paper is to investigate the properties of the Half Bride Current Source bidirectional DC to DC converter used to interface supercapacitors with batteries in a hybrid storage system. This work focuses on the benefits of applying synchronous rectification to the switches of the primary and the secondary side, both in terms of efficiency and control simplicity. In fact, by using this modulation scheme, it can be demonstrated that a single parameter (the duty ratio, D, of the dc link side top switch) can be used to control the converter under every operating condition. Furthermore, an average model of the converter valid in every operating condition is derived and utilized as a tool for the design of the control system. This model includes the effects of parasitic elements (mainly the leakage inductance of the transformer) and snubbers. Both the synchronous rectification switching scheme and the average model, have been experimentally validated with a 3 kW converter prototype. Also, the performance of a control strategy designed with such model are shown experimentally.
INTRODUCTION
Supercapacitors (SCs) are passive devices that exhibit very high power density and long cycle life and thus they are suited to be combined with other sources, such as batteries or fuelcells, to form an Hybrid Storage System (HSS), [1] - [14] . In these systems, the latter operate as "energy source" (i.e. they provide almost constant power vs. time), while the SCs work as "power sources" (i.e. they provide/absorb all the peak power requested/generated by the load).
Several papers in literature have investigated how to efficiently integrate SCs in HSS, since it was immediately recognized that direct parallel connection, though the simplest and the most inexpensive scheme, does not allow to utilize the charging/discharging capabilities of SCs nor to control the instantaneous power sharing between the sources. All the proposed solutions, therefore, have in common that a DC to DC converter is needed. They can be classified in three main categories: series connection ( [6] , [7] ), cascaded connection ( [8] , [9] ) and parallel connection ( [10] - [12] ). It is widely recognized ( [13] - [14] ) that the parallel configuration ( Figure 1 . allows full power sharing control and full SC voltage utilization for their charging and discharging transients, even though it has to be mentioned that in this case the bidirectional DC to DC converter has to be sized for the peak power.
In most applications, the bidirectional buck-boost converter is generally adopted, consisting of a single phase leg, an inductor connected to its mid-point and two filtering capacitors at both ends. What is only partially recognized in literature, instead, is the fact that in most applications, required peak power can be guaranteed by a relative low number of SCs connected in series (which is also helpful for balancing issues). Therefore, the rated voltage at SCs side is generally lower that that at the DC-link side. Moreover, if good utilization of the energy stored in the SCs is sought, then voltage at that side should be allowed to decrease down to about half the rated SCs voltage, while DC-link side voltage should remain almost constant. As a consequence, the voltage ratio between the two sides of the converter, can easily range from six to ten or more, depending on the applications. Under this constraint, the bidirectional buck-boost is not a suitable solution any more, and thus alternative structures with a high frequency transformer need to be analyzed [15] - [22] .
A comparative analysis based on the number of components, on the stresses on the switches, and on the utilization of the magnetic components, clearly showed, [17] - [19] , that the Half-Bridge Current-Source (HBCS) bidirectional DC to DC converter is the preferred solution against all other common configurations. This topology first appears applied to hybrid storage systems in [11] , but the power level of the prototype is only 100 W. After that, a 3 kW prototype, has been reported in [19] , working in steady state at open loop, both at charging and discharging operation modes. An efficiency exceeding 90% was demonstrated in the whole operating range.
The present work aims at more deeply investigating the characteristics and features of the HBCS converter, starting by an analysis of the modulation scheme for the switches. After reviewing in section II the modulation strategy that has been presented in the past for the HBCS converter, section III studies Synchronous Rectification (SR) scheme, for both charging and discharging operation modes.
Section IV provides an experimental demonstration of SR operation of the converter, while section V discusses the benefits and implications of this switching scheme in terms of the converter control. Section VI proposes, defines and experimentally validates an averaged model of the HBCS converter that can be used as a tool for the design of the converter control systems. Later, a possible control system structure, aimed to validate the design procedure with the proposed model, is discussed and experimentally tested in section VII. Finally, Section VIII deals with conclusions and future developments of this work. 
II. MAIN ISSUES OF THE HBCS CONVERTER
The circuit layout of the HBCS converter is presented in Figure 2 . Since the converter is bidirectional, there is no predefined input or output; therefore in the following the SC side will be referred to also as low voltage (LV) side, signifying that at this side rated voltage is generally lower than that at the other side. Conversely, batteries (or another energy source, according to the case) and DC-link will be connected at the high voltage (HV) side.
The modulation scheme for the HBCS converter, as presented in [19] , is obtained by phase-shifting method, with different control parameters for each of the two existing modes of operation, i.e. charging and discharging. Still looking at the schematic in Figure 2 . , at charging mode (energy flowing from the battery towards the SCs), switches S 3 and S 4 remain always in off-state, thus current can flow only through the related diodes. The modulation of switches S 1 and S 2 is carried out by equal but phase-shifted control waveforms, as shown in Figure  3 . a. The control parameter is, in this case, the duty ratio D of S 1 :
being T S1ON the time interval in which switch S 1 is turned on, and T S the switching period. This duty ratio is limited to 0<D<0.5.
The voltage ratio between the LV side and HV side, G CHARGE , can be expressed by:
where N 1 and N 2 are the number of turns of the HF transformer at the primary and at the secondary side, respectively, V SC is the voltage across the SCs, and V BAT is the DC-link voltage, variable in a relatively low range according to batteries state of charge. On the other hand, for discharging mode (energy flowing from the SCs towards the batteries), the controlled switches are S 3 and S 4 , whereas switches S 1 and S 2 remain always in nonconduction mode. The modulation of S 3 and S 4 is again achieved by a phase-shifted strategy with equal turn-on intervals. The main waveforms in this mode of operation are shown in Figure 3 . b. The control parameter is now D', defined as:
where T S3ON is the time interval in which switch S 3 is turned on, and T S is the switching period. In this case, the duty ratio is limited to 0.5<D'<1, and hence an overlapping between the control signals for S 3 and S 4 is always present. The overlapping comes from the fact that the LV side of the converter presents a current-source scheme, and abrupt interruption of the inductor current needs to be avoided.
The voltage ratio in discharging mode is expressed by:
III. SYNCHRONOUS RECTIFICATION Synchronous Rectification (SR) is a very well know technique that reduces conduction losses and increases the converter efficiency. SR has been reported previously for this kind of HSS applications [20] - [22] . The idea behind this technique is to take advantage of MOSFET's low on-state voltage and body diode. Considering the conduction through a diode, and given the threshold voltage source, V TH , in series with dynamic resistor, R DYN , of the equivalent model of the diode, the conduction losses can be expressed by:
On the other hand, if the MOSFET is considered, then conduction losses can be expressed as: where R DS-ON is the drain-to-source resistor of the channel when the device is turned on. Among both possibilities, the current will flow through the path that presents a smaller voltage drop. While SR is widely adopted, is has not yet been recognized that it can be applied also to the HBCS converter. In fact, looking at Figure 2 . , it is clear that switches S 3 and S 4 are already formed by a MOSFET and an anti-parallel body diode, and therefore SR is readily applicable to them. Figure 4 . shows the prototype reported in [19] , whose main characteristics are detailed in Table I . Figure 5 . plots the drainto-source voltage, V DS , and the dissipated power P COND , as a function of the drain current, I D . Both voltage and power are shown for the diode case and for the MOSFET case. The exact values of the selected components, SKM121AR Power MOSFET Modules have been used. Figure 5 . shows a limit value for the instant current through the switch, I LIM , under which power losses using the SR techniques in the prototype under analysis, are smaller than those of a diode, yielding to:
As it is stated in Table I , the maximum current through switches S 3 and S 4 (same as SC current) is 65A. Hence, it can be said that for this design, SR at the secondary side always reduces the conduction losses, when operating in charging mode, and hence the overall losses of the converter decrease. For this prototype, the use of a SR scheme in SC discharge mode does not imply a benefit in efficiency, given that the HV side switches are IGBT transistors, and thus the current cannot flow from Emitter to the Collector of the device. However, it must be noticed how the use of SR in the discharge mode can still be used without affecting the operation of the circuit. This statement will be critical for the discussion in section V.
IV. EXPERIMENTAL RESULTS OF THE SYNCHONOUS RECTIFICATION SCHEME
Experimental results have been carried in order to confirm the feasibility of using the synchronous scheme. For these experimental measurements, voltage sources and resistive loads have been used. Figure 6 . shows the experimental results of the standard and synchronous rectification schemes, respectively, when power flows from the HV side to the LV side. The source voltage was 300V DC , and three different resistive loads, from 1.0Ω, 0.67Ω and 0.5Ω were used. The set of experimental values was measured at V SC =25V, V SC =30V and V SC =34V because of the constraints in the experimental setup. It can be seen how a gain in the efficiency is achieved, slightly below 1%, in all cases.
V. IMPLICATIONS OF SYNCHRONOUS RECTIFICATION IN
THE CONTROL SCHEME The previously proposed modulation scheme needs calculation of two different duty-cycles, according to the power flow, charging or discharging the SCs. In turn, this implies control issues at the boundary from charge to discharge operation, because different switches must be turned on and the control law has to be changed, making it very difficult to have a smooth transition. It will be shown here that this problem is easily overcome if a SR modulation scheme is adopted for both HV and LV side switches. In fact, provided that SR is used, then the HV and LV side switches, S 1 -S 2 and S 3 -S 4 respectively, will have complementary control signals. Particularly, considering the waveforms at Figure 3 . .a and b, it can be seen how the control waveform of S 4 is the complementary signal of S 1 , whereas the control waveform of S 3 is the complementary signal of S 2 .
Obviously, this condition implies that there is a relation between the duty cycle D of switches S 1 -S 2 and the duty cycle D' of S 3 -S 4 . This relationship can be expressed as:
and thus there is a single control parameter for all operation modes (e.g. D), as the rest of the control parameters are automatically calculated.
But ( 8 ), along with ( 2 ) and ( 4 ), yield to a single equation for the voltage ratio of the converter, G HBCS , valid for any operation mode, independently of the current direction:
This conclusion implies that the control system can be a single one, thus avoiding the apparent boundary control issue between charging and discharging mode.
VI. FULL MODEL OF THE CONVERTER
In order to properly design the control system, an accurate small signal model of the converter needs to be established. The simplest model for the power stage is depicted in Figure 7 . This model has been previously used to define and implement a control strategy for the full system [23] . In such a model, all the switches and reactive components are considered as ideal elements. The switches and the transformer have been substituted by the two dependant sources, which are a function of both the duty ratio and the turns-ratio of the transformer. After that, the LC filter is present. In order to check the model, a resistive load has been placed instead of the SCs, aiming at having steady state operation conditions. A small step in the duty ratio (changing from 0.34 to 0.36) has been applied to the system once it reached the steady state, in order to characterize the system. Figure 8 . shows the experimental waveforms of the inductor current (I L ), the input (I BC ) and output (I SC ) currents, as well as the load output voltage (V SC ), compared with their corresponding averaged values coming from the model based on ideal components. As it can be seen, the model is significantly different from the real converter. The natural frequency is quite similar, but basically there are two effects of mismatch: the steady state values are higher in the model than in the real converter and, also, the actual system is much more damped than the model.
A second model has therefore to be introduced, which takes into account the effect of the snubbers, the effect of the R DS of the switches at the secondary side, as well as the effect of the parasitic resistors of the transformer. The combined effect of these components yields to a series resistor, R loss , which adds a damping factor to the model. But also, the leakage inductance of the transformer has to be taken into account (Figure 9 . . In order to explain the effect of this leakage inductor, some waveforms are depicted in Figure 10 . It must be noticed that, for this analysis, the considered resulting leakage inductance at the primary side is the sum of the primary and the secondary side (referred to the primary side) leakage inductances of the transformer.
Initially, both switches at the primary side are turned off, and there is no current through the primary side, but current is flowing through both diodes at the secondary side. At instant t 0 , switch S 1 turns on, and thus the voltage at the primary side of the transformer, V pri , equals to half the battery voltage:
The high inductor value at the filter, L, forces the current to keep on flowing through L. For the ideal transformer without leakage inductance (Figure 10. a) , the current can instantly be conducted by the primary side transistor, thus turning off the diodes of S 3 and S 4 , and hence the voltage at the secondary side instantly equals to: However, if there is a leakage inductor at the primary side, as depicted in Figure 9 . , the current cannot change instantly (Figure 10 . b) at the primary side of the transformer. Thus, current keeps flowing through the secondary side, while S 3 and S 4 keep on conducting. Hence, the voltage at the secondary side is still zero just after turn on of HV side switches, and the primary side voltage is fully applied to the leakage inductor.
The full effect of this leakage inductor is explained in the following discussion. Here charging mode is considered and initially both HV side switches, S 1 and S 2 , are in off-state, just before S 1 is turned on. From Figure 2 . and 3.a, upon these conditions, each secondary side will carry a current equal to half the inductor current through the body diodes, the voltage both at the primary side, V Pri , and at the common node of the secondary windings (connected to the inductor filter), V O , will be equal to zero:
Equation ( 12 also states that during the switching interval, the inductor current can be considered as constant. When S 1 turns on, at t 0 , and provided that both the body diodes of S 3 and S 4 initially keep on conducting, the voltage at the primary side of the ideal transformer, V Pri , remains unchanged.
On the other hand, as V DS1 equals to zero, then the voltage at the primary side of the ideal transformer (including the leakage inductance), V PriLk , equals to half the input voltage:
This yields to a voltage across the leakage inductor, V Lk , and a primary side current, I LK , respectively, equal to:
It must be noticed that this inductor L Lk takes into account both the measured leakage inductor at the primary (L LkPri ) and secondary (L LkSec ) sides of the transformer, as given by the following expression: The inductor L Lk charges linearly. The currents at the secondary switches can be represented by:
At instant t 1 , I S4 equals to zero, and thus S 4 turns off. From that moment, the current through the body diode of S 3 equals the current through the inductor:
Thus, the dead time, t d , can be defined considering that at instant t 1 , the current through S 3 must be equal to -I L :
The explicit expression for t d can be obtained:
It must be noticed that this dead time is an interval of mismatch between the voltage at V O being equal to half of the battery voltage referred to the secondary side at the ideal model, and V O being zero in the full model. The effect of this mismatch is that the effective duty ratio, D 1eff , that determines the voltage ratio, is smaller for the latter case. In fact, the effective duty cycle of the system can be expressed as:
Provided that the dead time expression depends on input and output parameters, it can be seen how the final expression of D 1eff is not a linear expression. This yields to a non-linear model for the behaviour of the system. Figure 11 . depicts the implementation of this model. As stated previously, in addition to the effect of the leakage inductance, a series resistor, R loss , has been included in order to model the parasitic elements such as series resistors in the transformer windings, conduction and switching losses in the switches, and losses in the snubbers.
In order to validate the new model, a comparison between simulations with this new model has been carried out with the same experimental results for the operating conditions used in Figure 10 . The results of this simulation, plotted in Figure 12 . , show how the new complete model tracks perfectly the actual prototype waveforms measured, for a duty step from 0.34 to 0.36. The simulation shows the same damped behaviour than the actual waveforms. Thus, it can be concluded that this full model is highly representative of the dynamic small signal behaviour of the HBCS converter. It must be noticed how, for both the ideal and the full models, the obtained behaviour is the corresponding to a 2 nd order system, as expected from a resistive load at the output. Instead, if the SCs are connected at the output without the resistor, the output voltage would present a practically constant value at the transient, but would charge/discharge with the corresponding current.
VII. PROPOSED CONTROL SCHEME For the Converter Control System, a cascaded loop control scheme is proposed. A High Level Control system provides the reference for the HV current value of the HBCS converter, I BC * , as depicted in Figure 13 . Figure 14 . shows a detail of the implementation of the I BC control. The inner control loop controls the inductor filter current, I L , and the outer control loop controls the HV side current, I BC . It must be noticed how in steady state, and for adequate values of the filter capacitor, C, the average value of I L equals the average value of I SC . A detailed explanation on the control loop design procedure and on the PI controllers tuning can be seen in [23] .
While the whole control system is still under development, preliminary experimental results showing the inner loop control of the inductor filter current I L can already be presented. As an example, Figure 15 . shows the result of a series of step changes in the commanded current. Being zero current at the center of the scope grid, this figure clearly shows how the introduction of SR modulation scheme makes it possible for the current to be easily switched from positive (SCs charging mode) to negative (discharging mode), allowing immediate reversal of the power flow with a single control law. 
VIII. CONCLUSIONS AND FUTURE DEVELOPMENTS
In this work, a series of developments in the study, analysis and control of the HBCS converter as bidirectional power converter for HSS have been carried out.
The SR scheme has been demonstrated and experimentally validated as a suitable commutation strategy for the HBCS converter, due the benefits in terms of efficiency in the SCs charging mode but, most of all, in the simplification achieved in the bidirectional power flow control system design. It must be noticed how this benefit does not imply extra cost, as the transistors are already present in both sides of the converter in order to allow the bidirectional power flow.
Another contribution of this work is the derivation of a full model for the control design, which includes the effect of parasitic components in the transformer and switches, as well as the effect of the snubbers. This model has also been experimentally validated on the 3 kW prototype. This model enables the possibility of defining and tuning the regulator of the cascaded loop control of the HBCS converter in the considered hybrid storage system outlined. Future developments also include the detailed design and experimental verification of the final closed-loop control of the full system, the optimization of the design for the regulators in the cascaded control scheme, as well as the definition of the control strategy for the complete system (i.e. the generation of the references for the control of the HBCS converter).
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